We study the off-shell Higgs data in the process pp → h ( * ) → Z ( * ) Z ( * ) → 4 , to constrain deviations of the Higgs couplings. We point out that this channel can be used to resolve the long-and short-distance contributions to Higgs production by gluon fusion and can thus be complementary to pp → htt in measuring the top Yukawa coupling. Our analysis, performed in the context of Effective Field Theory, shows that current data do not allow one to draw any model-independent conclusions. We study the prospects at future hadron colliders, including the high-luminosity LHC and accelerators with higher-energy, up to 100 TeV. The available QCD calculations and the theoretical uncertainties affecting our analysis are also briefly discussed.
Introduction
With the discovery of the Higgs boson by the ATLAS and CMS experiments [1, 2] , high energy physics experiences a transition: after a long period of search and exploration, an era of consolidation and precise measurements has just started and it will complement the direct search for new physics beyond the Standard Model (SM). With a mass around 125 GeV, the Higgs boson offers various production modes and decay channels directly accessible to observation, supplying a wealth of data that can be used to learn about the Higgs couplings.
In the absence of any indication of new light degrees of freedom below the TeV scale, the effects of BSM physics can be conveniently parameterized in terms of higher dimensional operators for the SM fields. This Effective Field Theory (EFT) approach relates Higgs data to measurements of other sectors of the SM, like ElectroWeak (EW) precision data, and it gives a systematic way for controling the deviations away from the SM, organized as an expansion in powers of the ratio of the momentum over the new physics scale. So far a lot of information has been extracted from inclusive rates, which are dominated by resonant production of the Higgs boson near the mass peak, i.e. at scales close to the Higgs mass itself.
As for any other quantum particle, the influence of the Higgs boson is not limited to its mass shell. Recently, the CMS and ATLAS collaborations reported the differential crosssection measurement of pp → Z ( * ) Z ( * ) → 4 , 2 2ν ( = e, µ) at high invariant-mass of the ZZ system [3] [4] [5] . This process receives a sizable contribution from a Higgs produced offshell by gluon fusion [6, 7] . As such, this process potentially carries information relevant for probing the EFT at large momenta and could thus reveal the energy-dependence of the Higgs couplings controlled by higher-dimensional operators with extra derivatives. It has been proposed [8] to use the off-shell Higgs data to bound, in a model-independent way, the Higgs width. However, as it was emphasized in Ref. [9] , this bound actually holds under the assumption that the Higgs couplings remain the same over a large range of energy scales. The EFT Lagrangian captures and organizes precisely this energy-dependence of the Higgs couplings and therefore offers a coherent framework for analyzing the off-shell
Higgs data. The situation seems a priori similar to the precision measurements of the EW observables, where off-shell Z data at LEP2 complemented the Z-peak data and bounded EFT structure (see also Ref. [22] for a study of h + 2 jets). The double Higgs production by fusion of gluons also effectively introduces a second mass scale and can be used to separate the top Yukawa coupling from the contact interaction to gluons or photons [23, 24] . Note that these two channels will require some large integrated luminosity, beyond the run 2 of the LHC. In this paper we want to advocate that off-shell Higgs production is another obvious place to break this degeneracy of the couplings and to learn about the top Yukawa coupling.
One advantage of the analysis of Higgs data in terms of an EFT, over a simple fit in terms of anomalous couplings, is that it comes with some simple consistency checks that guarantee the reliability of its results against our ignorance of the details of the new physics sector. For instance, it is possible to say when it is safe to neglect dimension-8 operators over the dimension-6 ones. As we are going to illustrate, this is of prime importance when the data is not strong enough to derive stringent bounds. In particular, we shall see that no model-independent reliable bounds can be extracted from the 8 TeV data. The situation improves at 14 TeV and upon accumulating a luminosity of about 3 ab −1 it will be possible to derive meaningful constraints, at least for rather strongly coupled new physics. Only at future, higher-energy accelerators, however, do the bounds become truly model-independent.
This paper is organized as follows. In Section 2, we present our analysis of the Higgs couplings using the 8 TeV off-shell data and we discuss the reliability of the results in an EFT framework. In Section 3, we study the prospects of the off-shell study at future facilities like the high-luminosity LHC and very high-energy hadron-hadron colliders. We conclude in Section 4, whereas some technical details are collected in three Appendices.
Constraining the anomalous couplings of the Higgs boson
Recently a new method was suggested in Ref. [8] to indirectly constrain the Higgs width, by looking at the very high invariant mass region of the four-lepton final state in the pp → Z ( * ) Z ( * ) → 4 channel, which receives contributions from the exchange of a highly off-shell Higgs, and comparing the event yields with the SM predictions. More precisely, information on the Higgs width can be extracted by comparing the event yields off and on the Breit-Wigner peak. It follows that this method relies on the following assumptions:
• there is an invisible Higgs decay width, so that the total width of the Higgs and its couplings can be varied independently;
• variations of all the Higgs couplings are universal;
• there are no higher dimensional operators affecting either Higgs decay or production.
In this paper we will use the same process pp → Z ( * ) Z ( * ) → 4 to put constraints on new physics, however we will reverse the first and third assumptions: we will assume the absence of an invisible decay width and the presence of new higher dimensional operators which can modify the production or decay of the Higgs boson. The second assumption stated above was necessary in Ref. [8] , to keep the Higgs on-shell measurements SM-like. In our analysis we will not make this assumption, however we will make sure that the parameter space we explore is not excluded by the on-shell Higgs measurements.
Operators contributing to Higgs production
Let us start by considering the operators affecting Higgs production by gluon fusion. Assuming the Higgs boson to be part of a doublet of SU (2) L , there are three relevant dimension-6
2 also leads to a modification of the top Yukawa coupling and thus affects the Higgs production by gluon fusion. However, the constraints on its Wilson coefficient c H obtained by combining information from the various on-shell Higgs channels are generically much stronger than those on c y , c g , so we will ignore the effects of O H in this paper. Also, at the dimension-6 level, there are dipole operators which can modify both the signal and the background:
However, their effects usually have an additional loop-suppression compared to those of c y , c g and anyway these operators will be better constrained by top data alone. Therefore these dipole operators will also be neglected in our analysis. Notice that, given our normalization, the parameterization of new physics effects in terms of an EFT expansion is meaningful only if the Wilson coefficients satisfy
After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian
where c t = 1 − Re(c y ) and we have ignored CP -odd contributions. It is well known (see for instance Refs. [19, 20] ) that the current measurements of the Higgs couplings have a strongly degenerate solution along the line c t + c g = constant, which originates from the Higgs lowenergy theorem: because on-shell Higgs production occurs at the scale m h < m t , its cross section is proportional to
However, once we go to the far off-shell region, the partonic center-of mass energy of the process √ŝ becomes higher than m t , so that we cannot integrate out the top anymore and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and off-shell Higgs production provides a way to disentangle the effects of the c t , c g couplings. Fig. 1 shows the diagrams contributing to the gg → ZZ process, whose amplitude can be schematically written as
where M h stands for the Higgs-mediated part, and M bkg stands for the interfering background, given by the box diagrams in Fig. 1 . Notice that in addition to the interfering gg → ZZ background there is also a non-interfering irreducible background, produced by the→ ZZ process. The SM amplitude for gg → ZZ was computed for the first time in Ref. [6] . As pointed out in Ref. [7] , the off-shell Higgs contribution is enhanced for onshell Z bosons, which makes the √ŝ 2m Z region particularly relevant for Higgs couplings measurements. It is interesting to observe that the amplitude generated by the c g coupling grows with partonic center-of-mass energy √ŝ like
to be compared to the triangle amplitude mediated by the top loop, which grows like 8) in the notation for helicity amplitudes of Ref. [6] . 4 Thus forŝ m 2 t the discriminating power of the off-shell Higgs production becomes stronger. However, at very high energies the EFT approximation breaks down and the dimension-8 operators become as important as the dimension-6 ones. For example, let us consider the operator
The matrix element corresponding to the final state with two longitudinally polarized Z bosons grows with energy as
Then the interference of O 8 with the SM amplitude will become of the same order as the interference of the dimension-6 operators with the SM at the scale
In the SM, in the large √ŝ region there is a strong cancellation between the triangle and the box contributions to the gg → ZZ process [6, 25] . One can understand its origin by performing an s-channel cut of the loops and looking at the perturbative unitarity preservation in the tt → ZZ subprocess. Note that for couplings different from those of the SM there is also unitarity violation directly in the gg → ZZ process, due to the growth of the amplitude ∝ log 2ŝ . However, this growth leads to a scale of unitarity violation that is exponentially high, Λ 10 13 GeV (computed requiring M ∼ 16π), and thus irrelevant for phenomenological purposes. We would like to thank R. Contino for bringing these issues to our attention. The difference between the nonlinear and linear results becomes negligible for very small perturbations of the SM. However quantitatively we will find that, in the light of the current and future sensitivity of the off-shell Higgs measurement, this difference can be sizable.
Finally, it is worthwhile mentioning that a significant difference between nonlinear and linear results does not arise for the pp → h + jet process, which provides an independent handle on the c t , c g degeneracy.
Bounds on the Higgs couplings
In order to find constraints on the Higgs couplings c t , c g we need to know the differential cross section for pp → Z ( * ) Z ( * ) → 4 , dσ/dm 4 , as a function of the four-lepton invariant mass m 4 ≡ √ŝ . The diagrams mediated by the Higgs boson exchange are functions only of √ŝ , therefore the differential cross section can be parameterized as
where c I and c R are defined as the ratios of the Higgs-mediated amplitudes compared to the SM values (the NP subscript stands for the new physics contribution)
where it is understood that c R,I depend also on m 4 . By varying the mass of the particle running in the triangle diagram, we can easily extract the functions F 0,...,4 for any given m 4 . We modified the MCFM6.8 code [26, 27] in order to perform this procedure. Then the functions F i can be obtained from the following set of equations:
Only interference:
Only interfering background:
Only signal with
Only interference with m t = M :
We have checked that our method of extracting the functions F i is consistent by varying the input parameter M . Then one can easily translate (c R , c I ) into the (c t , c g ) basis using the well-known expression for the triangle amplitude,
where F ∆ is the fermionic leading order loop function for single Higgs production (see Appendix C for the explicit expression). We emphasize that this method of extracting coefficients works because the overall production cross section of the Higgs-mediated diagrams depends only onŝ, without any dependence on thet,û variables. As we mentioned in Section 2.1, in the large invariant mass region there is a cancellation between the box and the triangle diagrams. This property of the amplitude leads to the following relations between the functions F i , which we have verified numerically
To obtain the current bounds on the (c t , c g ) parameters we have used the results presented in Ref.
[3]. In order to simplify our analysis we have decided to focus on the simple counting analysis, without using the results obtained with the application of the Matrix Element Likelihood Method (MELA) [3, 4] . The interested reader is referred to Appendix A, where the details of the analysis are presented. We would like to stress that we made use of MCFM only to compute the signal and the interfering background in gg → ZZ, whereas for the non-interfering background→ ZZ the results presented by CMS were used.
The resulting constraints in the (c t , c g ) plane are shown in Fig. 2 . In order to explore the power of resolving the c t vs. c g degeneracy, we assume that the inclusive measurement is consistent with the SM and therefore we impose the condition c t + c g = 1. The resulting posterior probability is presented in Fig. 3 : with 68% probability the coupling c t is constrained within [−4, −1.5] ∪ [2.9, 6.1]. These results were obtained using the nonlinear analysis. The CMS bound allows c g,y to be of O (1), thus no interpretation of the results in terms of the EFT can be made. The bounds we quote here should therefore be understood as holding under the assumption that Eq. (2.4) fully encodes the effects on gg → ZZ of the new physics, even though the latter is allowed to be at the weak scale. Finally, notice that our results
were obtained using only the four-charged lepton final state and without the MELA, so upon a more refined analysis one can easily expect a factor of two improvement on the bounds on the couplings.
Lastly, we wish to comment about higher-dimensional operators affecting the Higgs coupling to the Z bosons, thus modifying the total number of events in gg → h ( * ) → ZZ, which were studied in Ref. [12] . Assuming the Higgs to be part of an SU (2) L doublet, the operators whose contributions grow with energy more rapidly than that of the Standard Model appear only at the dimension-8 level, so the bounds on the scale of the new physics are weak (see Appendix B).
Prospects at the High-Luminosity LHC and hadronhadron Future Circular Colliders
In this section we turn our attention to the future of high-energy physics, and discuss the prospects of off-shell Higgs measurements at future proton-proton colliders. We consider the High-Luminosity LHC (HL-LHC), with a nominal energy and integrated luminosity of 14 TeV and 3 ab −1 respectively, and the hadron-hadron Future Circular Colliders (FCC- 68%, 95% and 99% probability contours in the c t ,c g plane, using the 8 TeV CMS data set. A 10% systematic uncertainty was assumed on thebackground. here we wish to contribute to that effort by performing a first estimate of the opportunities available in off-shell Higgs measurements.
Details of the simulation
The gg → ZZ process was simulated with MCFM6.8. To extract the cross section as a function of c t and c g we modified the code, in order to vary the top mass in the Higgs-mediated diagrams without modifying the gg → ZZ interfering background (see Eq. (2.15)). It should be noted that MCFM also includes the loops of bottom quarks for the Higgs-mediated diagrams. However, since we did not consider modifications of the b-quark Yukawa couplings, these loops are effectively absorbed into the interfering background in our parameterization of Eq. (2.16). The noninterfering,→ ZZ background was also generated using MCFM6.8.
An important issue that must be taken into account when simulating gg → ZZ is that the Higgs contribution is known to Next-to-Leading Order (NLO, O(α 3 s )) [28] [29] [30] in QCD with exact top mass dependence and to Next-to-Next-to-Leading Order (NNLO, O(α 4 s )) [31] [32] [33] in the infinite top mass limit, whereas the interfering background is known only at leading order (LO, O(α 2 s )). As a consequence, assessing the higher order corrections to the full process is problematic, and several proposals have been put forward [34] . We chose to multiply the full LO cross section, including the Higgs and continuum diagrams, as well as their interference, with the K-factor computed for the signal process only (the K-factor calculations are described in detail below). There is an intrinsic uncertainty associated with this procedure, since the interference term receives higher order corrections at amplitude level that are different for the signal and the continuum background. This can possibly lead to a change in the relative phase of the interference term. While the sign of the latter can be judged, its size gathers some arbitrariness in the absence of a complete higher order computation of the continuum background. The uncertainty on the interference term associated to our procedure is estimated to be up to 30% [35, 36] .
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We now describe the technical details of our simulations:
Parton Distribution Function (PDF) sets and scales The gg → ZZ process was simulated with LO PDFs. To reproduce the 8 TeV result from CMS [3] we used the CTEQ6L set [37] with factorization scale (µ fact ) and renormalization scale (µ ren ) equal to m 4 /2. As a consistency check, we verified that we reproduce the results of Ref. [27] . 6 The rest of the results presented in this paper were obtained with the MSTW2008 LO PDF with scale choice m 4 /2. In all cases, the qq-initiated background was simulated at NLO, using the NLO version of the same PDF used for the signal, and the same choice of scales. The acceptance cuts used in the CMS analysis [3] were adopted.
K-factors Following the suggestion of Ref. [35] , we applied to the gg → ZZ process the NNLO K-factor computed for inclusive production of a heavy SM Higgs. Specifically, we multiplied the LO cross section in each m 4 bin with the NNLO K-factor computed for inclusive production of a SM Higgs with mass equal to the central value of the bin. The K-factors were obtained using the ggHiggs code [39, 40] .
7 Table 1 lists the K-factors that were used for the different bins and different collider energies.
Alternatively, and what would be a better prescription, one should use the K-factors computed for the invariant mass distribution of gg → h ( * ) → ZZ mediated by an off-shell 125 GeV Higgs, which can be somewhat different from those for inclusive production of a heavy Higgs [41] . However, by comparing with Ref. [41] we have checked that in the 8 TeV case the agreement is within 10%.
Also notice that we made use of the K-factors computed for a heavy SM Higgs, even though the QCD corrections to the amplitudes proportional to c t and c g will be slightly different. As an estimate of this effect we computed the NLO K-factor for a heavy
Higgs both for the measured value of the top mass and in the infinite top mass limit.
5 We thank G. Passarino and M Dührssen for comments about this point. 6 We performed the check with both MSTW2008 LO [38] and CTEQ6L1 PDF, for the scale choices We find that for a collider energy of 14 TeV the K-factors differ by less than 10%, the one computed for c g being slightly larger.
Uncertainties We wish to comment briefly on the theory uncertainties affecting our predictions for gg → ZZ at the 14 TeV LHC. To estimate the scale uncertainties, we varied
, both in the LO cross sections and in the corresponding Kfactors. The maximum variation of the cross section, over all the range of invariant masses considered in the analysis, is of 8%, which we take as our assessment of the scale uncertainty. As for PDF errors, we performed the following simple estimate: the K-factors were recomputed using two additional PDF sets (NNPDF2.3 NNLO [42] and CT10 NNLO [43] ) for the NNLO pp → h cross section, while keeping fixed the LO cross sections obtained with MSTW2008 LO. We found the maximum variation of the K-factors to be ∼ 5%, which we take as our estimate of the PDF uncertainty. 8 The scale and PDF uncertainties discussed here should be added to the intrinsic theory uncertainties related to the unknown exact higher order corrections to the gg → ZZ process, which were addressed above.
We would like to remark that a fully consistent computation of Higgs-mediated four-lepton production at O(α 2 s ) would need to include the interference of the qg-initiated Higgs and continuum diagrams [27] . However, in Ref. [27] this effect was found to be negligible in the high invariant mass range for a collider energy of 8 TeV. Since we do not expect the relative 8 This estimate of the PDF errors applies also to all the FCC-hh energies we considered.
size of the qg channel to increase at higher collider energies, we neglected this effect in our analysis.
Recently, interesting progress has been made towards a computation of the two-loop contribution to the continuum amplitudes for both the interfering and non-interfering background [44] [45] [46] . In particular, in Refs. [44, 45] both the planar and non-planar master integrals needed for the two-loop computation of gg → V V have been calculated, for massless fermions in the internal lines. While the massless approximation is certainly suitable for the light quarks, including the bottom, it is not appropriate for the top quark. In particular, we remark that at one-loop the contribution to the amplitude for gg → ZZ of the box diagrams with the quark q running in the loop diverges at largeŝ as
. This shows that, at least at one-loop, the top mass effects are relevant in the large-ŝ region, on which our analysis is focused. A complete calculation of gg → ZZ at NLO, i.e. at O(α 3 s ), would require the computation of two-loop diagrams with a massive internal fermion, which is a challenging task with current technology. In any case, it is reasonable to expect further progress in the near future towards an NLO computation of the gg → ZZ interfering background. This is particularly important for the interference term, where the higher order corrections can possibly induce a shift in the relative phase.
Because it is extremely difficult to guess the level of theoretical development, and therefore the level of accuracy of the predictions, that will be attained on time scales as long as those of the HL-LHC and FCC-hh, in the analysis of the upcoming sections we have ignored theoretical uncertainties. However, in Section 3.2 we compare the results with and without theoretical errors and find that with 3 ab −1 at 14 TeV the statistical errors are still dominant.
Results for the HL-LHC
Now we can proceed to the discussion of the precision of the 14 TeV high-luminosity LHC.
In order to thoroughly explore the different √ŝ dependence of the contributions generated by (c t , c g ) we introduce the new binning for the four-lepton invariant mass Binning √ŝ = (250, 400, 600, 800, 1100, 1500) GeV . This result was derived using the nonlinear analysis, whereas in the linear approach we find c t ∈ [0.36, 1.66] with 68% probability. The results presented above were obtained assuming zero systematic uncertainty. Assuming 30% theoretical error on the total gg → ZZ cross section the bound on c t is relaxed to [0.74, 1.3] with 68% probability. One can see that our counting analysis is dominated by the statistical error, however the theoretical uncertainties will become a serious limitation once we move to higher precision, either by implementing the MELA analysis or by studying the prospects of the future colliders.
Lastly, we observe that at larger luminosity 30 ab −1 the differences between the linear and nonlinear analysis are reduced, their respective bounds on c t differing by less than 20%. The dashed and solid green lines indicate the 68% and 95% contours for the linear analysis, respectively. No theoretical uncertainty is included.
Bounds on top partners
The c t vs. c g degeneracy arises in models with fermionic top partners, in particular it is generic in the composite Higgs models [47] [48] [49] [50] [51] . As a prototype of the models with this degeneracy we can introduce just one vector-like top partner T , transforming as a singlet of
In this model, loops of the heavy fermion T generate an effective interaction of the Higgs with the gluons, and at the same time the top Yukawa coupling is modified due to the mixing with the top partner. Due to the Higgs low-energy theorem, the on-shell Higgs production cross section is predicted to be the same as in the SM, since it can easily be checked [49, 50] that, after integrating out the heavy top partner, c t + c g = 1. Besides modifying the Higgsmediated amplitude for gg → ZZ, the T also enters in the box diagrams, generating a contribution to the interfering background which in the EFT must be parameterized by 
This implies that the dimension-8 operators will become important at the scale
where our analysis breaks down. 9 Therefore to remain in the region of validity of the EFT approach, when deriving the bounds on the model parameter space we only considered the 9 As a side comment, we note that an exact treatment of the gg → ZZ amplitude in this model requires the computation of box diagrams with two different massive fermions in the loop. These diagrams are exactly the same as those for the SM contribution to the gg → W W process, mediated by top and bottom quarks [52] . Within this work, however, we chose to remain within the EFT approach and leave the analysis of the effects of the dimension-8 operators for future study. 
Results for the FCC-hh
Finally we would like to comment on the prospects of the FCC-hh on the studies of the c t , c g couplings. We present our estimates for 33, 50, 80 and 100 TeV proton-proton colliders,
assuming an integrated luminosity of 3 ab −1 . In our analysis we have used exactly the same acceptance cuts as for the 8 and 14 TeV LHC. This assumption is quite likely to be unrealistic, The results of our analysis are presented in Table 2 , under the assumption that c t + c g = 1.
We can see that as we go to higher collider energy the differences between linear and nonlinear probabilities decrease, and strong model-independent bounds on c t are obtained.
Conclusion
We wish to summarize briefly the main results of our paper. We have discussed the implications of the pp → h ( * ) → Z ( * ) Z ( * ) → 4 measurement at high center-of-mass energy on the and off-shell data should thus make it possible to disentangle the effects of c t and c g .
Wherever applicable, we have discussed our results in the EFT language, rather than in terms of a simple anomalous couplings parameterization. In particular, we have derived the conditions under which the dimension-8 operators can be safely ignored, which allowed us to understand the range of validity of our results. This type of self-consistency check comes as a bonus of the EFT approach.
We have obtained the first constraints on the modifications of the top Yukawa coupling, Along the way, we addressed the status of current theoretical predictions for the gg → ZZ process, which suffer primarily from the lack of a computation of higher-order QCD corrections to the box diagrams. We described our choice of the procedure for approximating these corrections, which consists in applying the K-factor computed for the Higgs-mediated diagrams to the entire gg → ZZ cross section.
Lastly, we commented on the reach of the future proton-proton colliders with energies between 33 and 100 TeV. There a measurement of c t to ∼ 5% accuracy is possible already within our simplistic study (assuming zero theoretical uncertainty), and the EFT analysis shows that the bounds obtained are fully model-independent.
Note added While this work was being completed, an independent study appeared [55] which also proposed to use the Higgs off-shell data to break the c t , c g degeneracy. 
Appendices

A Fitting the Higgs width
In this section we shall derive the bound on the Higgs width using the CMS data. The difference between our result and the official analysis can be a measure of accurateness of our method. We perform the analysis based only on the counting experiment data presented in Ref.
[3], Fig. 1(a) . The off-peak event yield is proportional to
where g stands for a universal rescaling of the SM couplings. The coefficients A, B, C are related to the functions F i in Eq. (2.13) in the following way
The requirement of keeping the number of on-peak events fixed to the SM value leads to the constraint g 4 /Γ = constant, so that we can parametrize the off-peak event yield as
To calculate the functions F i we use MCFM and the same PDF set adopted by CMS, namely the CTEQ6L. We digitize Fig. 1(a) from Ref.
[3] to extract the→ ZZ background, as well as the observed number of events (see Table 3 ). Following the prescription by CMS we apply a m 4 -independent K-factor of 2.7 to the signal and the interfering background.
We assume an average acceptance of 95% for each lepton and with these numbers we are able to reproduce the reported CMS yields within ∼ 10%. Then we perform a Bayesian analysis with 10% systematic uncertainty on the noninterfering background, which leads to the following bound on the Higgs width Γ < 24. (C.38)
